Abstract-An analysis of a large number of randomly connected small low-voltage rectifiers to general purpose distribution systems is presented. The primary interest is on single-phase rectifiers connected to 120/208 V three-phase four wire I wye" systems, and shows that the cumulative effect of several different types of rectifiers can produce results which are generally not anticipated. Some of the unanticipated results are overcurrent conditions on the neutral conductor and line conditioning devices which produce effects quite different from those which they are intended to prevent.
I. INTRODUCTION T HE INSTALLATION of equipment which contains small
rectifier power supplies has evidently never presented much of a problem when added to general office, commerical, or industrial low voltage (120 V single phase) distribution systems. If anything, the other equipment on the distribution system is responsible for generating and transmitting disturbances that might interfere with the operation of the equipment that was associated with the rectified power. Without question there is continued growth and expanded use of minicomputers and microprocessors, distributed miniprocessor and microprocessor systems, and otlher solid-state devices deriving power from rectified power supplies. Hence, the possibility of low-voltage distribution systems having a significant percentage of or being entirely dedicated to rectified supplies is growing and can lead to some unusual results. This article is the result of a study of unusual conditions existing in the power systems of three facilities, each of which contain a large number of small rectified power supplies. The facilities are in three separate locations and are electrically very far apart. The reason for each system study was independently requested for voltage spikes and power line fluctuations.
The literature on rectification is not generally concerned with the conditions in low-voltage distribution systems. In particular, in reference [1] (only one of several good texts), the usual practice is to use an idealized electromotive force (EMF) as the voltage source whether this be a generator, transformer, or bus anyplace in a distribution system (see Fig. 1 ). The other type of analysis is generally concerned with the operation of a large rectifier application [2] . In 2) the third harmonic of a 60-Hz system becoming the fundamental on the neutral conductor and the resulting neutral current becoming higher than any line current; 3) the relation of power system stiffness and the occurrence of disturbances; 4) the effects of isolation transformers with electrostatic shielding.
II. TRANSIENT GENERATION [5] The analysis of the waveforms observed on the power distribution system can begin with a discontinuity or impulse function describing a sudden change ,u independently of the system frequency. In this article, two current-impulse functions are of interest. One is the positive current impulse, defined here as ,+(# -T1), which occurs in the same electrical time 0 -7 (see Fig. 2 ). If the current pulse is negative during the time that the voltage is between 7r and 27r, then the current is still taken as positive, g,j in the sense of going in the same direction as the voltage. The other impulse is the sudden negative current impulse p_( -T2) during the positive (0-7r) voltage excursion (see Fig. 2 ).
It will be noted that only a portion of the current waveshapes are being shown in Fig. 2 . This is due to the fact that only a portion of the total current waveshape undergoes a sudden change, and only in that region T of the sudden change is the present interest involved. The shape before and after the occurrence is governed by steady-state relations and is not involved in the transient generation.
An equivalent circuit for the analysis would be quite complex if all the branch circuits and all the loads were included. What is important is the most significant lumped component in the power circuit which is the inductance of the transformer. In this respect the circuit of Fig. 3 will be used to represent the components and the area of' interest which is the circuit from the distribution transformer to the circuits and random
loads. An equivalent current source p,j is introduced in order to account for both types of impulse. This approach is taken since the rectifier loads can account for the positive impulse through a change of impedance at conduction time. But there must still be a current source to account for the reverse current p-i flowing in opposition to the single-phase voltage polarity.
The direction of the current impulses and their effect is shown in Fig. 4 in relation to polarity convention and the actual mode of the voltage spike generation. Fig. 4(a) shows the effect of a positive current impulse ,u+ during the positive voltage interval (0 -7r) and the resultant voltage pulse generation due to the L(di/dt). Fig. 4(b) shows graphically the current impulse and the resultant voltage waveform at time T which is L(di/dt) at points A-B in the distribution system. The predominant type of voltage response by the distribution system to the current impulse will generally be the single storage element L(di/dt). This is due to the inductance L of the transformer which will be much larger than any single device on a branch circuit. The single storage element waveform is the one depicted in Fig. 4(b) [6] . What was observed, although Inot expanded on the cathode ray tube (CRT), was an oscillatory wave superimposed on the voltage notch. This unusual condition was due to one or more of the large number of series impedances and parallel branch circuits beiing excited during or after the impulse generated voltage across the transformer.
III. POWER SYSTEM ANALYSIS
The principal types of rectifiers encountered were the usual variety such as the silicon-controlled rectifier (SCR) and the half-wave and full-wave diode bridge rectifier. The distinguishing feature of the small rectified power supplies of the facilities involved is that they are single phase and derived tlhroughl stepdown transformlers (see Fig. 5 ). Some equipment lhad three-phase four-wire connections to distribution panels, but the power supplies were still derived by single phase to neutral A. Distribution System of the First Facility The first distribution system under study is shown in Fig. 6 . The facility is supplied by a set of separately derived laboratory bus distribution systems. One half of the building is supplied through the D series risers, and the B series supplies the other half. The laboratory bus system represents practically the entire load on each substation, L2 and L3, with a few panel boards on each having negligible loads.
The observations of the power system consisted of recording the voltage and current waveforms of selected loads and progressing from the loads back through the system to the substations and main switch gear. Along with the analog waveforms, the spectrum of some of the waveforms was recorded in order to determine the magnitude and component harmonic frequencies of any distortions. In the following waveforms the distinctive sine-wave trace is the supply voltage of the particular phase (A, B, or C) being observed. It is apparent that the voltage distortion is not associated with the inflection points in the current waveforms at this location. Also, the switching phenomena associated with rectification can be seen in the nonsinusoidal current waveform. Fig. 8 is the sequence of waveforms at riser B-19 which includes the load of CPU number I (see Fig. 6 ). Clearly evident at this point is the correspondence between the voltage waveform distortion and the abrupt changes in the current waveform p,j (see Fig. 8(a) ). The current waveshape is due to the algebraic sum, at that point, of several loads besides CPU number 1 being supplied by riser B-19.
The spectrum of the current waveshape, Fig. 8(b) , shows the presence of many significant harmonics, through the twenty-fifth at least, on the +15 dBm reference. Of equal importance is the lack of a corresponding increase in the harmonic content of the voltage waveform (see Fig. 8(c) ). The relative amplitudes of the third and fifth harmonics are the same as in Fig. 7(b) , but the seventh and fifteenth harmonics have been attenuated between riser B-18 and CPU number 1.
Continuing back through the power system, the next series of waveforms were recorded at the substations and the main switch gear. Fig. 9 is the waveform of the total unibus loads The power system of the second facility is shown in Fig.  11 . The procedure for analyzing this power system is similar to that used in the first facility. Sample branch circuit waveforms were recorded. This system had additional intermediate transformers, one isolation and one separately derived, for the distribution system of the respective circuits. These provided a source of additional waveform analysis. Fig. 12 shows the waveform for two typical branch circuits of panel RP-5 shown in Fig. 1 . Fig. 12(a) is the single-phase waveform of a dc-dc converter-type of rectifier, and Fig.  12(b) is the typical SCR current waveform. Fig. 13 is the neutral current of the three-phase branch circuit of which Fig. 12(a) is typical of each independent single-phase load. Using the time base of the voltage signal it is evident that the sum of the narrow single-phase current waveform of each phase is producing a dominant third-harmonic current as the fundamental frequency. The frequency base waveshape of Fig. 13(b) shows the first significant component at 180 Hz with a slight 60-Hz fundamental due to a small load imbalance. The neutral conductor current for panel RP-5 is shown in Fig. 15 . It is similar to Fig. 12 (a) but with a larger current per division (50 A). The current spectrum, Fig. 15(b) , is also similar to Fig. 13(b) with several of the higher harmonics containing more amplitude. This neutral current condition presents a problem in that the effective (rms) value becomes higher than any single-phase current. The single-phase conduction time for the devices occurs between 60 and 120 electrical degrees on the neutral to give the apparent 180 Hz, Fig. 16 , instead of cancelling as would happen for three currents of equal magnitude which conduct for a full 3600 cycle. The mechanism of the 180-Hz generation is unusual in this case, although the principle of the cycloconverter (469: 1) shows that it should be expected.
The 180-Hz derived current waveform from a design and safety point of view could be significant in relation to the minimum requirements in neutral wire sizing per National Electrical Code, Articles 215-4 and 220-22. The code specifies neutral sizing for the maximum connected load between any one phase and neutral. The measured value per each phase feeder was 100 A, while the neutral was 140 A (amprobe and oscilloscope). In this case the three-phase four-wire neutral is 1.4 times thy line current which is derived by (7) eff VkIOA2 +IOB2 +I JC2 = Io N/Y (maximum possible). That the current on the neutral conductor was not 171 A (at 100 A per phase) was due to the conduction time which was greater than optimum for the 180-Hz waveform generation. In order for the full three factor to become dominant the conduction time must be 600 or less in the center of the half cycle on each phase. This will happen when there is no current flow from 0-60°; then maximum conduction from 600-1200; then no current flow from 1200 through 1800. Any current flow greater than 600 in the center of the half cycle will produce some cancellation, as in this case, where the total neutral current was 140 A. Continuing on back through the system, Fig. 17 shows the values of the line current and voltage at the power distribution RDP-2 which is approximately 150 ft from the isolation transformer. The voltage waveshape is more nearly sinusoidal with many harmonics either eliminated or significantly reduced, as seen in Fig. 17(c) versus Fig. 14(b) . The current waveshape is also greatly modified but still contains two impulse functions p_ which are responsible for two discernable voltage notches. The second power system (Fig. 11(b) ) analysis is shown in Fig. 18 . The majority of the loads are SCR with Fig. 18(a) typical of one of the branch loads. The feeder conductors for RP-5a, Fig. 18(b) , shows the total current waveshape of the SCR circuits with other minor loads modifying the typical SCR waveshape. Fig. 18(c) and (d) are the spectra of the current and voltage signals. C Distribution System of the Third Facility
The third power system supplied a series of large-scale computers, their peripheral equipment, and other rectifiersupplied devices. Not only was the power system separately derived from the rest of the facility, but several of the distribution systems were provided with isolation transformers and electrostatic shielding, as in Fig. 19 . In spite of these provi- sions the complaints were continuous "spikes" and voltage "fluctuations." Fig. 20 (a) and (b) are the load side and line side waveshapes of the isolation transformer feeding CPU system 1. Both are undistorted, which indicates that the system is neither generating current impulses nor receiving any voltage disturbances. Fig. 21(a) and (b) and Fig. 22(a) and (b) are the typical load side and line side waveshapes of the isolation transformers of CPU systems 2 and 3, respectively. The load side of systems 2 and 3 show significant distortion in the current waveshapes, which in turn cause a corresponding voltage distortion.
However, on the line side of the isolation transformers of systems 2 and 3 much of the voltage distortion has been reduced, although not eliminated. The voltage distortion, which was recorded near the isolation transformer, is localized and is due to impulse currents ,u which are relatively unaffected by the isolation transformer, generating the L(di/dt) on the line side of the transformers. That this voltage generation is local- it is near impossible to model. The randomness of the loads is due to the fact that not all of the equipment is on all the time, and equipment is constantly being added, replaced, or removed. Some help is available in knowing the characteristics of particular types of rectifiers, and from these characteristics some prediction of the distribution system response can be assumed. But the adequacy of the system should be verified through oscilloscope waveform analysis. For any waveform analysis of a random system at least two separate locations in a distribution system must be included, and the voltage and current waveforms are absolutely essential.
(a)
The existence of a voltage disturbance can then be correlated with current switching if a voltage spiking problem is observed. In this way actual problems and their source can be eliminated from imagined problems. The imagined problem in the three systems of thiis study was the "power system" which was responsible for causing the steady-state spiking. The waveforms presented clearly show that the steady-state spiking was generated within each system, and that the "power system" was only responding to the current switching.
The actual switching phenomena on the low-voltage side of the power supplies (5 V, 10 V, etc.) was not considered. It is just the presence of the stepdown transformers which produces the strange current waveshapes, especially the pcurrent impulse of Fig. 7(d) . Although the rectifiers on the low-voltage side are not conducting the negative current during the positive voltage excursion, the high side of the transformers do provide the path. The negative current in this case is due to the other phase interacting through the neutral conductor and magnetic circuit of the transformer. The stiffness of a system has often been proposed as a criterion for the possibility of disturbances in solid-state switching systemis. In these low-voltage (120/208 V) systems the disturbance is dependent upon the current switching producing an inmpulse M. And the governing criteria for the magnitude of the disturbance is the percent of full-load current that the switcliing represents to the system. In system number 1 the 1 50 A load represents five percent of the 500 kVA transformer full-load capacity. System number 2 loading was approximately 33 and 50 percent of the RP-5 and RP-5a transformer capacity, as seen in Fig. 17 . And for system number 3 it was 16 percent for CPU system 1 and 33 percent for CPU systems 2 and 3. A qualitative comparison is difficult since the numrlber and magnitude of the impulses I+± are different, but qualitatively the 500 kVA transformers are much less disturbed than the 45 kVA transforimier.
The isolation transformers have excessive voltage distortion in comparison with the distribution transformers. This is most pronounced in the second and third systems. It is for the reason that isolation transformers, with electrostatic shielding, prevent the transmission of high-frequency voltage noise into an isolated system, that they become more susceptible to voltage generation due to current impulses.
The mechanisiim of the distortion generation can be seen in Fig. 23 . An ordinary unshielded transformer, Fig. 23(a) , contains capacitive coupling between windings C1 (122:9). C1 is the source of high-frequency voltage coupliing into a typical power system. The introduction of the shield between windings effectively reduces the effect of C1, but introduces a imuclh more significant capacitance. C2, (Fig. 23(b) ) between the secondary winding and the shield. The equivalent circuit with C2 is shown in Fig. 23(c) , where the parallel inductancecapacitance (LC) circuit again introduces the condition for voltage generation during the current impulse period [5] . become susceptible to generating internal voltage distortions. The primary distortion is generated by current impulses across a transformer inductance, or in the case of electrostatic shielding, across a parallel LC circuit. The severity of the distortion is directly related to the percent of full-load current capacity that the impulse p represents to the system. It is apparent that some of the practices for reducing voltage disturbances and distortions are expensive and generally counterproductive. Using transformers that are oversized in order to provide a "stiff" system and isolation transformers are two such ineffective methods.
All rectifiers have their own characteristic waveforms. Certain types can produce current waveforms which cause harmonic neutral currents that are higher than line currents on three-phase four-wire systems and require wire and transformer sizing accordingly. Preventative and corrective measures to minimize any disturbances require verification through waveform analysis of voltage and current with the use of the spectrum display to verify any questionable waveforms.
Since small loads are easily installed or moved, the problem of when certain types of rectifiers will produce nuisance spiking or hazardous current waveshapes will be random. There 
